Chlorobenzene was reacted with NO 2 , in the initially acid-free zeolite NaZSM-5, to yield para-chloronitrobenzene exclusively. The precursors were loaded sequentially into self-supporting pellets of the zeolite, contained within a stainless steel cell, from the gas phase. The reaction proceeds spontaneously at room temperature. It is, however, very temperature dependent and effectively ceases at zero degrees Celsius. The reaction was monitored in situ using FT-IR. The active nitrating agent is NO 2 + formed from the partial electron donation by the NO 2 to the Na + cations present in the zeolite lattice. Under the reaction conditions, chlorobenzene is not readily mobile through the pore system; thus, only the molecules adsorbed near a cation site react to form para-chloronitrobenzene.
Introduction
As part of a continuing investigation into employing heterogeneous catalysis to selectively produce small industrial intermediates, para-chloronitrobenzene was synthesized from chlorobenzene and NO 2 in the initially acid-free zeolite NaZSM-5.
Para-chloronitrobenzene is an intermediate in the production of fine chemicals, principally dyes, pesticides, and herbicides [1] [2] [3] , where it is hydrogenated to parachloroanaline before further processing. Chloronitrobenzenes are, however, highly toxic, causing methemoglobinemia [4, 5] . Given this toxicity, and their value as intermediates, the chloronitrobenzenes would seem to be ideal candidates for a study into selective synthesis in order to diminish byproducts. ZSM-5 is a medium-pore pentasil zeolite [6, 7] with two perpendicular channel systems. One channel is straight with an elliptical cross-section of 0.55 × 0.51 nm, while the second forms a zigzag with dimensions of 0.56 × 0.53 nm [8] . Industrially, ZSM-5's most important process is to enhance the fraction of paraxylene during xylene isomerization [9] [10] [11] . This is thought to result from the aluminosilicate channel wall restricting the available transition state volume and enhancing the diffusion of the para isomer down the pores [12] . The void space of the channel system is nearly perfectly sized to easily accommodate the adsorption and diffusion of para-substituted benzene rings, but is too restricted to allow easy movement of ortho-and metasubstituted species. ZSM-5 would thus be ideal for the selective formation of parachloronitrobenzene.
Economic considerations for industrial intermediates favor selection of the least expensive form, hence NO 2 for nitrations. Traditional methods for the nitration of aromatic rings using NO 2 involve strong acids to generate NO 2 + , which is the active entity in an electrophilic substitution of the ring [13, 14] . Use of solid acid catalysts, such as alumina/silica/metal oxide, achieves excellent conversions, but with limited ability to enhance the proportion of any isomer [15, 16] . Acid zeolites have been used successfully as solid acid catalysts to achieve nitration of aromatics with varying levels of selectivity [17] [18] [19] . The electrostatic fields of the Na + cations in NaZSM-5 are capable of enhancing the electrophilic character of small molecules adsorbed into the channel system [20] . Recently, it has been shown that nitrogen dioxide adsorbed in the pore system of NaZSM-5 will form NO 2 + from the partial electron donation by the NO 2 to the Na + cations present in the zeolite lattice. This NO 2 + is capable of nitrating small aromatics at room temperature 2 ISRN Physical Chemistry in the absence of acid protons in the zeolite lattice [21] . This would allow the use of NaZSM-5 as a heterogeneous nitration catalyst without a high-temperature acid activation step.
Experimental Section
The NaZSM-5 was prepared from small crystal commercial NH 4 -ZSM-5 (Zeolyst CBV 15014, lot no. 15014-1525-63) with a Si-Al ratio of 150. The zeolite was ion-exchanged using sodium acetate at room temperature until NH 4 + peaks were no longer detectable by FT-IR. Also, there was no detectable Brønsted acid hydroxyl peak at 3611 cm −1 [22] .
The reactions were carried out using self-supporting pellets (6-9 mg, 12.5 mm dia.) of the zeolite contained in a stainless steel gas cell housed within a variable temperature vacuum cryostat (Oxford Instruments Model DN1714). The wafers were dehydrated overnight at 200 ∘ C (maximum cryostat temperature) under vacuum (varian turbomolecular pump Model V-60). 500 mtorr of chlorobenzene (Alfa Products, 98+%) was introduced into the 25 ∘ C gas cell, which was sealed after 5 s and allowed to equilibrate for 0.5 hours. The gas cell was then evacuated to a gas pressure of <5 mtorr and then brought to the reaction temperature and allowed to stabilize for 1.5 hours. 10.0 torr of room temperature NO 2 (Matheson, 99.5%) gas was released into the cell and then after thirty seconds the cell was closed. Time zero for the kinetics plots corresponds to the initial release of NO 2 into the sample cell.
The gas cell and the cryostat were fitted with KCl windows to allow the in situ collection of FT-IR spectra. These were collected using an IBM-Bruker IR-44 spectrometer. 100 scans at 1 cm −1 resolution were coadded and ratioed against a background of the empty dehydrated pellet at 25 ∘ C. Again, time zero for the kinetics is the initial release of NO 2 into the cell. 100 scans require approximately 100 s to collect on the IR-44 and thus each data point in the kinetics plot corresponds to a 100 s wide time slice.
The identity of the major reaction product was determined by comparison with authentic samples of ortho-, meta-, and para-chloronitrobenzene (Aldrich, 99+%, 98%, and 99% resp.) adsorbed into clean freshly dehydrated pellets.
Results and Discussion
The IR spectrum of the dehydrated NaZSM-5 pellet (see Figure 1 ) provides two windows for monitoring the species adsorbed onto the internal surface of the zeolite pore system. Details of the spectrum and the features present in the >1300 cm −1 region have been previously reported [20, 21] .
Chlorobenzene is readily adsorbed into the channel system of NaZSM-5 (see Figure 2 and Table 1 ). At 1959 and 1880 cm −1 and 1938 and 1861 cm −1 is a pair of weak C-H bend doublets of the aromatic ring. Comparison of these modes with those for benzene suggests that the lower frequency pair is associated with a polar environment, while the higher pair is associated with a nonpolar environment [22] . This would correspond to chlorobenzene adsorbed near a cation site and on the "cation free" silica lattice. Thus, there are two groups of adsorption sites. There are approximately 1.3 cations per unit cell for this ZSM-5 and, as may be observed from Figure 2 , comparable loadings between the two sites. Adsorption of NO 2 into the lattice immediately gives rise to strong peaks at 2910, 2048, 2005, 1915, 1902, 1830, 1742, 1709, 1687 , and 1618 cm −1 (see Figure 3 ). Formation of N 2 O 4 is enhanced in the lattice compared with the gas phase. The peaks at 1742 and 1830 cm −1 correspond to the symmetric and asymmetric, ONONO 2 , forms [24] . The proportion of the asymmetric forms grows slightly over the course of the reaction. The intensity of the symmetric N 2 O 4 band at 1742 cm −1 decreases with time indicating that N 2 O 4 is consumed during the reaction.
There are overtones and combination bands above 2800 cm −1 . At 1902 cm −1 there is a peak appropriate for NO [25] . This peak grows over the course of the reaction and also if a fresh pellet is exposed only to NO 2 but there is no evidence for the formation of N 2 O 3 nor N 2 O 5 . A possible explanation is selective adsorption of trace impurity NO, found in the NO 2 , from the gas phase, and that the adsorption on the zeolite internal surface under these conditions inhibits N 2 O 3 formation. NO 2 + is not visible at 2350 cm −1 and NO 2 − is undetectable at 1244 cm −1 because of the ZSM-5 framework [26, 27] .
The bands between 2000 and 2100 cm −1 are broad and result from NO 2 + with increasing values on going to higher wave number [22] . These species are formed by partial electron donation to the Na + cations. During the reaction, the intensity of these bands is diminished (see Figure 4 , traces c and d) .
The nitration of chlorobenzene using NO 2 proceeds spontaneously at room temperature. The chlorobenzene and NO bands decrease in intensity with a concomitant growth of peaks at 3128, 2855, 1955, 1911, 1835, 1605, 1582, 1514, 1423, 1348 , and 1316 cm −1 . Comparison with authentic samples adsorbed into NaZSM-5 indicates that the sole chloronitrobenzene product is para-chloronitrobenzene. The bands at 1955 and 1835 cm −1 correspond to symmetric and asymmetric ONONO 2 , respectively.
Comparison of the spectrum for an authentic sample of para-chloronitrobenzene adsorbed into NaZSM-5 (see Table 2 ) with that for the reaction product reveals that the authentic sample has two peaks at 1528 and 1514 cm −1 in the region of the -NO 2 asymmetric stretch, while the product spectrum has only a single peak at 1514 cm −1 . The discrepancy arises from the adsorption of chloronitrobenzene onto the two sites (cation-free and cation) during the preparation of the authentic sample while populating only the cation site during the reaction.
The reaction is highly temperature dependent. Less than 5% of the chlorobenzene is consumed at 0 ∘ C, which increases to 27% (along with 64% of the N 2 O 4 ) at 50 ∘ C. Figures 5 and 6 illustrate these trends over the course of the reaction. At higher temperatures, reduced adsorption into the lattice increases the percent completion, but diminishes the absolute yield of product. At 100 ∘ C, essentially all of the adsorbed chlorobenzene is found on the cation-associated sites.
Para-chloronitrobenzene was obtained as the sole product for the reaction of NO 2 with chlorobenzene under the reaction conditions. These results illustrate the selectivity that may be obtained using zeolite catalysis and carefully selecting the reaction conditions. The three conditions of importance are a mild nitrating agent and the loading of the zeolite to maximize reaction on the internal surface and temperature.
The active nitrating species is NO 2 + formed by the interaction of adsorbed NO 2 with the electrostatic fields of the poorly shielded Na + cations in the NaZSM-5 lattice [22] . The NO 2 + are less reactive than the NO 2 + produced using acid zeolites such as HZSM-5 which, under the experimental conditions, eliminates secondary nitration.
Reaction on the internal surface is enhanced by the sequential loading of reagents. Evacuating the sample cell after loading chlorobenzene essentially removes gas phase and physisorbed external surface molecules. After the loading of NO 2 , the full zeolite channels prevent rapid and extensive diffusion within the pores (the two adsorption site populations do not intermix) suggesting that the movement to the external surface is also minimized.
Temperature plays a nonlinear role in the efficiency and selectivity of the reaction (see Figure 7 ). Increasing the temperature enhances the rate of formation of NO 2 + [22] and hence the rate of nitration, as well as enhancing the rate of reagent diffusion, possibly increasing the percent conversion. However, increasing temperature also reduces the amount of NO 2 adsorbed into the ZSM-5 lattice, which will reduce the fraction of the nitration occurring on the internal surface. Even at 50 ∘ C, the amount of NO 2 available seems to be a limiting factor in the reaction. This is supported by studies using HZSM-5, where chloronitrobenzene yields dropped from 27.0 to 12.2% on raising the temperature from 125 to 250 ∘ C [18, 19] .
Conclusions
Reaction under mild conditions of chlorobenzene and NO 2 in NaZSM-5 selectively and at good yield produced parachloronitrobenzene. The results from this study along with those obtained in acid zeolites illustrate that the reaction conditions must be carefully chosen to maximize desired product yields and that the effects of some parameters (such as temperature) are nonlinear.
